The rapid infiltration of wind energy systems in the power system is causing huge power fluctuations due to varying wind speeds and fault occurrences. Here objective is to tune the Proportional Integral (PI) controller parameters. Formulation of objective function with Integral Square Error (ISE) concept is to minimize the errors of active power, terminal voltage and DC bus voltage. To tune these control parameters a Self-adaptive Differential Evolution (SaDE) approach is adopted. These optimized parameters are applied to a 9 MW wind generation system using Doubly-Fed Induction Generator's (DFIG) and compared this system with the actual system in MATLAB/Simulink. The results obtained here are found to be superior in terms of settling time, peak overshoot and undershoots, voltage profile.
Introduction
Present fossil fuels supply major part of world's energy. There is a serious concern over use of fossil fuels, as they lead to global climate change. The usage of fossil fuels leads to serious environmental aspects. When these fuels were burnt, they emit carbon-dioxide (CO2) which induces heat in atmosphere leads to global warming. Over the last few years, there has been a strong penetration of renewable energy resources into the power network. Wind generation has played and will continue to play an important role in smart grid for coming years. Wind energy is popular because of the advantages like pollution free, less space for installation, price stability, job creation, etc [1] . The potential of wind energy is very higher than what the entire human needs. To gear the critical challenges, major efforts are taking in this area in various levels of research works.
DFIG's are mostly used in wind energy system rather than Squirrel-cage induction generator, Wound-rotor induction generator and Permanent magnet synchronous generator because of various advantages like active and reactive power controllability, low converter size, less mechanical stress, smooth grid connection, lower losses and compact size [2] . DFIG operates in both Sub-synchronous and Super-synchronous generating modes, which varies according to the wind speed [3] . In wind power systems the DFIG's stator is directly connects to grid and rotor is connected to grid through the back to back converters with IGBT based Pulse Width Modulation converters. The converters are controlled by using Rotor Side Controller (RSC) and Grid Side Controller (GSC) and DC link capacitor is placed between the converters which are shown in Figure 1 . The controller controls the RSC and GSC converters to gain optimal power control and stability of power system. Independent active and reactive power control is achieved using Vector Control of DFIG [4] . Vector control of DFIG operates with two PI controllers in power control loop and two PI controllers in reactive power control loop.
Many nonlinear control techniques like sliding mode control [5] , Feedback linearization control [6] , decentralized non-linear control [7] , etc. are proposed in the literature. But the design of these controls is complex and there is no evidence of implementation in practice. Therefore The parameters of the PI controller can be tuned using Ziegler-Nichols method [8] , Kappatau tuning [9] , Pole placement technique etc. But the recent trend is tuning the PI controller parameters using advanced optimization techniques. One of the recent developed optimization techniques is Differential evolution (DE) . Basic version of DE is proposed by Storn and Price [10] . Because of its simplicity in concept and implementation, there are many applications of DE like tuning of PI controller, tuning of extended kalman filter [11] , etc. The effectiveness, efficacy and robustness of DE depend on the selection of suitable mutation strategy and optimum scaling factor α, cross-overrate CR values. This requires high computation time and rigorous decision making. Therefore several modified versions of DE like Opposition based Differential Evolution, Differential Evolution using a neighborhood-based mutation operator [12] , Composite Differential Evolution (CoDE) [13] , jDE, etc. are proposed. SaDE is one of the modified versions of DE and it is proposed by Qin and Suganthan [14] . In this algorithm Self-adaption of the parameters and learning strategies are done during evolution by learning experience of algorithm. SaDE algorithm is best compared to DESAP and FADE. Several optimization techniques like Particle Swarm Optimization (PSO) [15] , Genetic Algorithm (GA) [16] , Differential Evolution (DE) [17] , bacteria foraging [18] are proposed in the literature to tune the parameters of PI controller to Wind based DFIG system. The performance of the system can be enhanced by adopting SaDE.
The objective of this paper is to tune the parameters of PI controllers using SaDE. The objective function is formulated so that active power and terminal voltage tracks the reference values with less peak overshoot and settling time. The parameters are tuned for 9 MW wind farm with six turbines each having a capacity of 1.5 MW. The performance of SaDE tuned system is compared with actual system.
The remaining part of the paper is organized in various sections. Where, Section 2 presents the dynamic model of wind system with DFIGURE Section 3 describes tuning of PI controller parameters using SaDE technique. In Section 4 simulations are carried out. Finally, we conclude the paper in the last section.
Dynamic model of Wind system using DFIG
In wind power system as shown in Figure 1 , wind turbine is coupled to the gear box mechanism, which is having various low and high speed shafts to drive the DFIG with rated speed. The controllers are used to produce smooth grid connection of parameters like voltage and frequency even in sub-synchronous and super-synchronous generating modes of operation.
A. Modeling Drive Train:
The drive train system plays an important role to drive DFIGURE The model is represented 
B. Modeling of Pitch control
Pitch angle is used for controlling the output power of system at high winds. To avoid complexity, pitch angle reference is taken as zero at wind speed is reduced from the rated speed. In case if wind speed exceeds the rated speed then pitch controller will adjust the pitch angle to avoid overflow of power. Figure 2 . This pitch control is modeled by using the modeling equation refer to (4),
C. Modeling of DFIG
Every machine can be modeled in two-pole machine model. Here DFIG is expressed in d-q reference frame. The differential equations of the stator currents and voltage equations are given in (5), (6), (7) and (8);
Optimal Tuning of PI Controllers for DFIG-Based Wind Energy System The control mechanism of Rotor Side Controller is shown in Figure 3 . Based on this block diagram of RSC controller, the controlling equations are in (9), (10), (11) and (12); 1 = + + (9) 2 = 1 ( + + ) + 1 1 − (10) 
F. Modeling of GSC
The Grid side controller controls the Reactive power and DC link voltage (uDC) by using iqg and idg as shown in Figure 4 . By employing two series PI controllers, we can control the reactive power and DC link voltage by using Intermediate variables. The control mechanism of Grid Side Controller is shown in Figure 4 . Based on this block diagram of GSC controller, the controlling equations are presented in (14) , (15) and (16); 
Tuning of PI Controller Parameters using SaDE Objective Function Formulation:
The main objective of this paper is to tune the parameters Kp1, Ki1, Kp2, Ki2, Kp3, Ki3, Kp4, Ki4, Kp5 and Ki5 so that active power and terminal voltage tracks the reference values. So the objective function is formulated in such a way that i.Active power error reduces to zero after a disturbance ii.Terminal voltage error reduces with in short time.
iii.The change in DC bus voltage is very small.
To achieve the above mentioned integral square error [19] is adopted in this paper. The model of WT using DFIG is a high dimensional time varying system where the control parameters are to be tuned by using this SaDE algorithm. This SaDE Algorithm is developed for control parameter adaptation scheme with trial vector generation strategy. The algorithm of SaDE is given below.
A. Initialization:
There are 10 parameters to tune. For these parameters we have to assign the lower and upper bounds Xmin & Xmax according to actual control parameters.
Dimension 
B. Evaluate best member after initialization:
Calculate the objective function from (17) for the initial 50 solutions (pop) in the first run and arrive best member.
C. Selection of mutation strategy:
Selection of a suitable mutation strategy for given problem is highly tedious job and requires rigorous simulations. SaDE algorithm adopts the suitable approach based on the success rate in the past. One mutation approach is randomly selected for the target vector. Objective function values are calculated from (17) for the new generated trial vectors. Success and failure rate for each mutation strategy is recorded based on the number of trial vectors that results in new solutions (population).For next generations, selection of mutation strategy for a given target vector will be decided based on the success rate of the previous generations.
D. Update Scaling Factor and Crossover:
The performance of DE is greatly influenced by control parameter CR value. A wrong choice of CR value will deteriorate the functioning of DE. Thus is a need to adopt the CR value. A set of parameter CR values with a mean of 0.5 is randomly selected and applied to target vectors.
Optimum CR values are recorded based on the success of trial vectors that accounts for new population. A set of α values are randomly selected.
E. Terminating conditions:
The search criteria terminates when the stopping conditions are satisfied. In this paper, the search condition terminates when the evaluations (η) are greater than Max-Gen.
The flowchart of SaDE algorithm is shown in Figure 6 . 
Simulation Results
A 9 MW wind farm with six 1.5 MW wind turbines is considered for study in this paper. The complete details of this model are given in MATLAB demos. The Single line diagram of wind energy system is shown in Figure 7 . The parameters are tuned using SaDE algorithm which has been written in m-file that calls the Simulink file for all the iterations. In simulations the below 7 cases are studied:
i. Fault simulated at middle of the line in Super-synchronous mode. ii.
Fault simulated at middle of the line in Synchronous mode. iii.
Fault simulated at middle of the line in Sub-synchronous mode. iv.
Fault simulated at 10 km away from the generator in Super-synchronous mode. v.
Fault simulated at 10 km away from the generator in Synchronous mode. vi.
Fault simulated at 10 km away from the generator in Sub-synchronous mode. vii.
A sudden change in reference terminal voltage. Table 1 . The parameters obtained without optimization are obtained from [22] . Elapsed time for tuning these 10 control parameters is 5,243.75s. Based on the obtained values the simulations are carried. In all these results SaDE tuned system is compared with the actual system. With SaDE tuned parameters peak value of active power is 6.7 MW which is lower when compared to actual system with peak value of 7.9 MW. Similarly undershoot value of 6.1 MW in active power is lower when compared to actual system with undershoot value of 4.4 MW with drastic change. Terminal voltage profile of the generator is improved when compared to actual system with less overshoot. The settling time with SaDE parameters is less when compared to actual system and hence system response is fast. Peak value of DC link voltage is reduced. The speed oscillation on the rotor gets reduced. Therefore we can conclude that the overall response of the system is improved. By observing results with optimized parameters peak value is 3.9 MW which is lower compared to actual system with peak value of 5.15 MW. Similarly undershoot value of 3.5 MW in active power is lower when compared to actual system with undershoot value of 1.75 MW and settling time of the system is 50.26 which gets reduced compared with actual system. DC link voltage shoots is reduced but oscillations are high because less weightage is given to DC bus voltage error.
Case 2: At Synchronous mode, when fault is simulated at middle of the line

Case 3: At Sub-synchronous mode, when fault is simulated at middle of the line
At middle of the line a symmetrical fault is applied for 9 cycles with the fault resistance of Figure 23 -27. With optimized parameters peak overshoot value is 6.2 MW which is lower compared to actual system with peak value of 8 MW. Similarly undershoot value of -0.1 MW in active power is lower when compared to actual system with undershoot value of -3MW. Figure 27 . Rotor speed with fault is at 10 km away from system at V w =12 m/s.
Terminal voltage profile of the generator is improved when compared to actual system with less overshoot. The settling time with SaDE parameters is less when compared to actual system and hence system response is fast along with the rotor speed and settling time of the terminal voltage is 0.3 s. Peak value of DC link voltage is reduced but oscillations increases due to less priority for DC voltage weight adjustment.
Case 5: At Synchronous mode, when fault is simulated at 10 km away from the generator
A symmetrical fault is applied to the transmission line on 10 km away from the system for 9 cycles with the fault resistance of 20Ω as in the above case. Based on the wind speed ( ) By observing results with optimized parameters peak value of 4 MW which is lower compared to actual system with peak value of 5.7 MW. Similarly undershoot value of 0.1 MW in active power is lower when compared to actual system with undershoot value of 2.8MW and settling time is reduced compared with actual system. But the DC link voltage is similar to actual system because less weightage is given to DC bus voltage error. Rotor speed settles quickly with tuned parameters compared with actual once. Simulation results are shown in Figure 33 -37. Results with SaDE technique are compared with actual parameters of the system. Active power of the system with optimized parameters the peak overshoot is lower compared to actual system and settling time is also reduced. Transients of the Reactive power and terminal voltage are improved. But the DC link voltage is similar to actual system because less weightage is given to DC bus voltage error. Rotor speed settles quickly with tuned parameters compared with actual once. of operation proves the performance of the system gets improved by observing objective functions, settling time, peak overshoot and undershoots with minimized errors. Figure 42 . Rotor speed with reduced reference voltage Therefore we can conclude that the overall response of the system is improved.
Here Table 2 and Table 3 shows the objective function values at different wind speeds with actual and optimized parameters for three-phase fault induced at the middle of the line and 10km away from the wind system. The objective function value is very low for SaDE tuned system when compared to actual system. Table 2 . Objective function value when fault is at middle of the line Table 3 . Objective function value when fault is 10 km away from system
Conclusion
This paper proposed the tuning of 10 control parameters at-a-time by Self-adaptive Differential Evolution algorithm. This approach adopts the generation of trail vector strategies and their respective control parameter values are self adopted by its own analysis based on the previous experiments with promising values. Vector control of wind system with DFIG is obtained by the dynamic model equations. Simulation studies are carried on 9 MW wind farm with sudden change in reference voltage, three-phase faults induced at middle of the line and 10 km away from the wind system with various modes like Super-synchronous, Synchronous and Sub-synchronous modes. The evaluated parameters of the PI controller gives better results when compared with the actual existed system control parameters. The results shows that the performance and stability of the system is improved in terms of settling time, peak overshoot and undershoot. Hence, overall response of the system is improved. This work can be extended by applying this technique to handle the load harmonics. 
